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AsyS3 and AspSes chalcogenide 3-bridges suspended-core fibers (SCFs) are designed with shifted zero-dispersion
wavelengths (ZDWs) at around 1.5 wm, 2 um, and 2.8 wm, respectively. A generalized nonlinear Schrodinger equation is
used to numerically compare supercontinuum (SC) generation in these SCFs pumped at an anomalous dispersion region
nearby their ZDWs. Evolutions of the long-wavelength edge (LWE), the power proportion in the long-wavelength region
(PPL), and spectral flatness (SF) are calculated and analyzed. Meanwhile, the optimal pump parameters and fiber length are
given with LWE, PPL, and SF taken into account. For As,S3 SCFs, SC from a 14 mm-long fiber with a ZDW of 2825 nm
pumped at 2870 nm can achieve the longest LWE of ~ 13 pm and PPL up to ~72%. For As;Se; SCFs, the LWE of 15.5 um
and the highest PPL of ~ 87% can be achieved in a 10 mm-long fiber with ZDW of 1982 nm pumped at 2000 nm. Although
the AspSes SCFs can achieve much longer LWE than the As;S3; SCFs, the core diameter of As;Ses SCFs will be much
smaller to obtain a similar ZDW, leading to lower damage threshold and output power. Finally, the optimal parameters for
generating SC spanning over different mid-IR windows are given.
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1. Introduction

Mid-infrared broadband supercontinuum (SC) sources
have been studied intensively in recent years because of their
potential applications in many fields such as military,l!! gas
detection,?! spectroscopy,?! and biomedical.[*! Mid-IR SC
sources can be used in the so-called direct IR counter mea-
sures (DIRCM) because the response ranges of military detec-
tors are 2.5-3.3 um and 3.5-4.5 um."" Mid-IR SC sources can
also be used for gas detection since a lot of polluting gases and
combustion products have strong absorption lines in the mid-
IR region, i.e., NH3 (2.1 pm), HF (2.5 um), CHy4 (2.35 pm and
3.3 wm), HCHO (3.5 pum), HCI (3.5 um), N>O (3.9 um and
4.5 um), SO, (4 um), CO;, (4.25 pm), and CO (2.3 wm and
4.6 pum).[?! Mid-IR emitters offer rich possibilities for areas
such as atmospheric pollution monitoring, industrial process
control, leak detection, automotive engine exhaust analysis,
non-invasive diagnostics, and ultrasensitive drug detection.!
Mid-IR SC sources can also be applied into probing and con-
trolling the ultrafast vibration of some important chemical
bonds because many chemicals have their vibration or rotation
spectra in this regime. In the biomedical field, many biologi-
cal targets have their fundamental vibration absorption bands
and lines in the mid-IR wavelength regime./*! For example,
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the proteins show primary light absorption at 2.8-3.2 um due
to N-H and O-H bonds, while lipids exhibit absorptions in
3.2-3.6 um associated with C-H stretching vibrations. Water
is also one of these molecules that exhibit a set of strong ab-
sorption lines in the mid-IR region, especially near 3 pm and
6 pm, causing strong mid-IR absorption in human skin, which
facilitates numerous biomedical applications in laser surgery,
tissue ablation, and photo dermatology.

The first SC generation ranging from 400 nm to 700 nm
was observed in bulk BK-7 glass with a pump source of 5 mJ
picosecond pulses and 530 nm center wavelength.[®! Subse-
quently, the silica fibers began to be used for SC generation
since they can provide enough length for nonlinear integra-
tion. Especially, the microstructure silica fibers which can be
designed to provide strong nonlinearity and appropriate dis-
persion have been widely applied to generate SC. An SC gen-
eration in a microstructure silica fiber spanning from 0.4 pm to
2.4 um has been demonstrated and a detailed numerical anal-
ysis of the SC generation in this fiber was given as well.[?]
However, it is inadequate to choose the silica fiber for SC gen-
eration in the mid-IR regime due to its high transmission loss
beyond 2.5 um. ") Some soft-glass fibers composed of chalco-
genide, tellurite, or ZBLAN have a much broader IR trans-
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mission window, and thus are suitable for mid-IR SC gener-
ation. Owing to its high nonlinearity (nonlinearity is nearly
20 times that of silica),®! tellurite glass has been extensively
used to generate mid-IR SC. In order to achieve a broadband
SC, the pump wavelengths generally should be close to the
zero dispersion wavelengths (ZDWs) of the fiber.[®! Since the
ZDW of the tellurite fiber is 2.24 um,[gl the fiber needs to be
designed as a microstructure or tapered fiber for shifting the
ZDW to the shorter wavelength and implementing pumping
in the anomalous dispersion regime close to the ZDW.[10-14]
Although there have been several experimental and theoretical
investigations reported about the mid-IR SC generation in the
micro structured and tapered tellurite fibers, the longest wave-
length edge cannot exceed 5 wm due to its relatively narrower
infrared transparency window (0.4—5 pm).[10]

ZBLAN glass exhibits broad IR transparency with a 0.2—
7 um transmission window.'”) Simultaneously, the ZDW of
a normal ZBLAN fiber is 1.62 um,[!'> and thus the pump
sources at 1550 nm or 2000 nm can be employed to gener-
ate mid-IR SC in the normal or anomalous dispersion regime,
respectively. However, the nonlinear refractive index ny of
ZBLAN is only comparable to silica. Thus, a longer fiber
length has to be used to provide enough nonlinearity.[8! A
number of investigations on mid-IR SC generation in ZBLAN
fiber pumping at around 1550 nm and 2000 nm have been
reported.['2* Qin er al. demonstrated an SC from ultravi-
olet to 6.28 um in a centimeter-long fluoride fiber pumped by
a 1450 nm femtosecond laser.!'”! Recently, the output power
for SC generation in the ZBLAN fiber has been updated sig-
nificantly. Yang ef al. demonstrated an all fiber mid-IR SC
from ~ 1.9 um to 4.3 um with 13 W average output power
in a single mode ZBLAN fiber pumped by the 2 pum MOPA
system.!>! Using a similar system, Liu ef al. increased the
output average power of the SC to 21.8 W.I*®! Jean et al.
demonstrated an SC from 2.4 um to 5.4 pm in a low-loss fluo-
roindate fiber pumped at 2.75 um, with more than 82% of the
total power beyond 3 um. >’ However, the longest edge of SC
in ZBLAN fiber is hard to exceed 7 wm due to the limitation
of transparency and nonlinearity.

Chalcogenide glass, which is based on chalcogen ele-
ments S, Se, and Te, has the excellent IR transparency with
broad IR transmission windows at 0.8—7 pm, 1-10 um, and 2—

28.291 1t also exhibits very high nonlinear-

12 um, respectively. !
ity, which approaches thousands of times that of silica.l3%-3!]
Recently, the SC generation with the longest wavelength edge
up to 13.3 um has been demonstrated in a chalcogenide step-
index fiber pumped by an optical parametric amplifier (OPA)

[32] Tonglei et al. experimentally demonstrated an

at 6.3 pm.
SC generation spanning from 2 um to 15.1 pm in a 3 cm-long
chalcogenide step-index fiber with a 2.4 pm to 11 pm wave-

length range tunable pump source. >3 However, for practical

application, a pump source with shorter wavelength especially
close to that which the fiber laser can achieve is favored, and
thus the chalcogenide tapered or PCF should be used to shift
the ZDW to the shorter wavelength. For the chalcogenide
tapered fiber, an SC with bandwidth from 1.5 pm to 5 um
has been theoretically demonstrated in a tapered As;S3 fiber
pumped at 2 pum with peak power of 1 kW.* Al-Kadry et
al. have demonstrated an SC over two octaves from 1.1 um to
4.4 um in an AspSes micro-wires pumped by 1.94 um pulses
with low pulse energy of 500 pJ.[*>! For chalcogenide PCF and
MOF, Cheng et al. have demonstrated an SC spanning from
1.3 pm to 5.4 pm in a 2 cm-long AsSe;—As;S5 hybrid MOF
with ZDW of 3380 nm pumped by an OPO laser with center
wavelength of ~3389 nm and peak power of ~ 1337 W.[36]
A broad band mid-IR 0.9-9 um SC has also been theoret-
ically demonstrated in a concatenated fluoride and chalco-
genide MOF with ZDW of 3550 nm pumped by a standard
thulium laser with a pulse duration of 3.5 ps and peak power of
20 kW.371 Wei et al. numerically investigated the high power
mid-infrared SC generation in an As;Se; PCF. The simula-
tion results showed that the longest wavelength edge can at-
tend 12 pum with 2.78 um pump pulses.*¥] Recently, Saini
et al. theoretically demonstrated an SC spanning from 2 pm
to 15 pum in a triangular-core graded-index PCF pumped by
4.1 um pulses with 50 fs pulse duration and 3.5 kW peak
power. 3%

Besides, suspended-core fibers (SCFs) are also an excel-
lent candidate for further enhancing the nonlinear properties
and for dispersion engineering. The small core and high NA
of SCF ensure tight confinement of light and high nonlinearity.
Besides, low loss, high air-filling fraction, and ultra-low mode
field diameter have attracted designers to exploit SCFs for SC

[10.11]' A mid-IR SC spanning from 1 um to 4 um

generation.
has been experimentally shown in an As;S3 SCF with ZDW
of 1660 nm pumped by an OPO laser with tunable wavelength
from 1.7 um to 2.6 um, "% while one spanning from 1.5 pum to
4.5 um has also been achieved in a AspS3 SCF with ZDW of
2.52 um pumped by an OPO laser with tunable wavelength
from 2.2 um to 2.6 um.!""! Mouawad ef al. have demon-
strated a 0.6—4.1 um SC in a 20 mm As;S3 SCF with ZDW
of 3500 nm by pumping at 2.5 um."“Y! Very recently, Moller
et al. demonstrated an SC spanning from 1.7 pm to 7.5 pm in
an AssgSegy SCF with ZDW of 2400 nm pumped at 4.4 pm
with pulse duration of 320 fs and peak power of 14.8 kW.[*!]
However, a comprehensive study devoted to a thorough anal-
ysis of the effects of all the pump and fiber parameters on the
broadening, flatness, and power proportion of SC generation
in chalcogenide SCFs has not been presented yet.

In this paper, we investigate and compare the SC genera-
tion in As;S3 and As;Ses chalcogenide 3-bridges SCFs with
different ZDWs. Variation of long wavelength edge, power
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proportion in the long wavelength region, and spectral flatness
(SF) with different pump parameters are also analyzed in de-
tail. Finally, the optimal parameters for generating SC span-
ning over different mid-IR windows are given.

2. Numerical model for SC generation

To numerically study the SC generation in SCFs, pulses
evolution inside the nonlinear fibers need to be described ac-
curately. A better approach to include the frequency depen-
dent nonlinear coefficient and the dispersion of the nonlinear
response is to describe the generalized nonlinear Schrédinger
equation (GNLSE) directly in the frequency domain as*?!

@ = if(0)exp(—L(®)z)
Z

X F {A(z, T) /:R(T’) Az, —T")| dT’} (D)

with the frequency dependent nonlinear coefficient defined as

_ nayno@®
0)=—2°"_ )
v cnesr(@)AL (@)
and
AT)=F" { Alz.0) } : 3)
Ay (w)
A'(z,0) = A(z, ) exp(—L(w)z), )

where A(z, ®) is the complex spectral envelope as a function
of the distance along the fiber, and implementing T =t — iz
to transform into a co-moving frame at the envelope group ve-
locity B;!. L(®) is the linear operator given by

L(w) = i[B(w) — B(a@n) — Bi(wn) (@ — ap)] — (@) /2, (5)

which models linear propagation effects, with o being the
power attenuation and 3 being the dispersion coefficients as-
sociated with the Taylor series expansion of the propagation
constant 3 (w) about ay. R(¢) is the Raman response function
including both the Kerr (instantaneous) contribution and the
Raman (delayed) contribution, which is given by

R(t) = (1= fr)8(t —te) + frhr (1) = (1= fr)6(t — 1)
2, 2
+fRT1 ! exp(t) sin (t>@(t), (6)

773

where fr is the fractional contribution of the delayed Raman
response. Raman delayed function Ag(7) could be described
by 71 and T,. O(¢) is the Heaviside step function and 8(¢) is
the Dirac delta function.

ner( @) is the frequency dependent effective index of the
guided mode. ny is the linear refractive index when determin-
ing nonlinear refractive index n,. The frequency dependence
of the nonlinear coefficient ¥(w) in Eq. (2), arising through the

frequency variation of A.gr and neg, is explicitly evident. Al-
though it cannot be directly compared with the standard non-
linear coefficient y = nyay/(cAefr),!*
length will be repeatedly mentioned below to describe the non-

1 y at the center wave-

linearity. Another advantage of this formulation of GNLSE
is that equation (1) could be seen as an ordinary differential
equation. This means that it can be integrated directly using
the Runge—Kutta technique because the stiff dispersive part
has been removed though the change of variables given in
Eq. (4).1**] Notice that a border-absorbing time window condi-
tion is adopted in the numerical simulation to avoid fast com-
ponents returning and colliding with the main pulse.®!

3. Design of highly nonlinear suspended core
fibers for SC generation

Figure 1(a) shows the cross-section of the highly nonlin-
ear SCF considered in the present analysis. It is characterized
by three large air-holes in the cladding, separated by the same
number of thin glass bridges with thickness ¢, which create
the core at their intersection. The core diameter d. is defined
as the diameter of the largest circumference which can be
inscribed into the core. In order to design technologically-
feasible chalcogenide fibers or, at least, structures that can be
obtained by tapering over lengths of several centimeters,*>46]
values of d in the range between 1 pm and 5 um and of ¢ be-

tween 0.15 um and 0.45 pum are considered for the preliminary
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Fig. 1. (color online) (a) Cross-section of the chalcogenide SCF.

(b) Dispersion parameter versus wavelength of the two chalcogenide
glasses AsyS3 and As;Ses.
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simulations. The length of the struts is fixed to 20 um in order
to prevent leakage of the fundamental mode into the cladding.
Finally, two chalcogenide glasses, As;S3 and As;Ses, provid-
ing good properties in terms of IR transparency, nonlinearity,
and drawing capability, but different contributions in terms of
material dispersion, are chosen for the design of SCFs suitable
for mid-IR SC generation. Notice that the refractive index n
of the chalcogenide glasses is calculated according to the Sell-
meier equation

A2
)1 g

where proper values of the coefficients A; and A; are used for
As»S3 and As,Ses.[*71 A full-vector modal solver based on the
finite-element method 8! is applied to calculate the SCF fun-
damental mode in the wavelength range of interest.
Dispersion engineering guidelines obtained with a previ-
ous analysis on the dispersion properties of AsyS3 SCFs with
three, five, and six bridges*”! are exploited to design nonlin-
ear chalcogenide fibers suitable for SC generation in the mid-
IR. In particular, the core diameter and the bridge thickness
of SCFs made of both As,S3 and As,Ses, are properly chosen
to obtain a ZDW around the wavelengths of 1.5 um, 2 pum,
and 2.8 um, which can be considered for efficiently pumping
the SC generation. As shown in Fig. 1(b), which reports the
dispersion curves of the two glasses in the wavelength range
between 1 um and 10 pm, the ZDW of As,Ses is longer than
that of AsS3, which is around 4.9 um. As a consequence, it is
necessary to significantly blue-shift the As,Ses ZDW towards
the desired wavelength range by introducing a strong waveg-
uide dispersion component through the SCF design, which is
obtained, according to previous results, with a reduced core di-
ameter. Figures 2(a) and 2(b) show the dispersion curves in the
wavelength range between 1 wm and 3.5 um of the SCFs made
of As;S3; and As,Ses, respectively, which have ZDWs around
1.5 wm, 2 wm, and 2.8 um. The main characteristics of the
proposed fibers are summarized in Table 1. It is important to
underline that, as expected, the As;Ses fiber providing a ZDW
suitable for a given pumping wavelength has a smaller core
than the one of the corresponding SCF made of As;S3 glass.
Moreover, larger core fibers provide a longer ZDW, regardless
of the chalcogenide glass chosen. It is interesting to underline
that the As;S3 SCF with the smallest core, that is d. = 1 um,
has two ZDWs in the considered wavelength range. In particu-
lar, the first one is around 1530 nm, and the second one around
3030 nm. Notice that it is impossible to design an SCF made of
As,Ses with ZDW around 1550 nm also satisfying the require-
ment imposed by the fiber technological feasibility of a core
diameter larger than 1 um. The normalized frequency V for an
SCF can be calculated by Vegr = degr(n2, — ndgyy)/227/A4.10)

According to the single-mode condition of Vg < 2.405, the
cut-off wavelengths of these designed SCFs are shorter than
1.5 um. Thus, the effects of high order modes on the SC gen-
eration can be ignored. The effective mode area is defined as

+oo
( / / F(x,y, )] dxdy)
+°° )
/ / F(x,y,0)|*dxdy

where F is the transverse modal distribution. Modeling based

®)

eff(w

on the finite element method predicts the transverse modal
distribution.[#®!
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Fig. 2. (color online) Disperse curves of proposed (a) As,S3-based and
(b) AsySes-based chalcogenide SCFs.

Figure 3(a) shows the spectral dependence of the material
propagation loss of AsyS3 and As,Ses chalcogenide glasses in
the long-wavelength range.>"! The confinement loss should be
taken into account when generating SC spectra in small core
fibers. We simulate the confinement loss of the proposed SCFs
and those of 1-2 pm diameter SCFs are shown in Fig. 3(b), the
confinement loss of 3 um and 5 pum diameter SCFs is ignored
because it is less than 0.5 dB/cm even at 15 pm.

Table 1. Main characteristics of the 3-bridges SCFs.

SCF material dJ/ym  t/pm ZDW/nm Aefi/um?
AsyS3 1 0.35 1530/3030 0.95@1550 nm
AsyS3 2 0.35 1935 2.84@2000 nm
AsyS3 5 0.7 2825 15.56@2890 nm
AsySes 1.16 0.35 1982 1.24@2000 nm
AsySe;3 3 0.35 2855 6.01@2890 nm
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Fig. 3. (color online) (a) Material propagation loss of As;S3 and As,Ses
chalcogenide glasses in the long-wavelength range and (b) the confine-
ment loss of 1-2 um diameter As,S3 SCFs.

4. Results and discussion

In the last section, As;S3-based and As,Sesz-based SCFs
are designed to obtain ZDWs below 3 pm. In this section, SC
generation in these SCFs pumped around ZDWs are simulated
and analyzed.

4.1. Mid-IR SC generation in As,S3;-based SCF

In our simulation, the fRr, 71, and 7, of As,S3-based SCFs
are 0.031, 15.2 fs, and 230.5 fs,[>! respectively. The max-
imum pump peak power for SC generation is estimated ac-
cording to the optical damage of materials. When the pulse
duration is shorter than 1000 fs, the maximum energy flu-
ence at the facet of the chalcogenide waveguide should not
exceed 0.05 J/cm?.152! For an input pulse duration range from
200 fs to 1000 fs, the peak power damage threshold is esti-
mated to be ~1000 W/um?. The effective mode areas of the
three As;Ss-based SCFs with ZDWs of 1530/3030 nm (two
ZDWs), 1935 nm, and 2825 nm are ~ 0.95 um?, ~ 2.84 um?,
and ~ 15.56 um?, respectively. Thus, the maximum pump
peak powers are estimated to be ~ 950 W, ~ 2840 W, and
~ 15560 W, respectively.

Here, we compare the SC spectra generated in the three
proposed fibers pumped at an anomalous GVD regime nearby
ZDW. Because the ZDWs of the three SCFs are 1530/3030 nm,
1935 nm, and 2825 nm, we choose the ultra-short pump
sources centered at 1550 nm, 2000 nm, and 2870 nm respec-
tively. The pump peak power is set to be the estimated max-

imum values. The input pulse duration is fixed at 800 fs.

Figure 4 shows the SC spectral and temporal pulse evolu-
tions in As;S3-based SCFs with ZDWs of 1530/3030 nm,
1935 nm, and 2825 nm. As shown in Fig. 4(c), the SC out-
put from a 20 mm As;S3 SCF with ZDW of 2825 nm pumped
by input pulses with a center wavelength of 2870 nm and a
peak power of 15560 W has the longest long-wavelength edge
(LWE) (40 dB down from the peak of the spectrum) up to
~ 12 um among the three SCFs. The output SCs from the
SCFs with ZDWs of 1530/3030 nm and 1935 nm are broad-
ened to ~ 4.5 pm and ~ 8 um, respectively, as shown in
Figs. 4(a) and 4(b). Generally, SC generation with anoma-
lous GVD regime pumping is dominated by soliton-related ef-
fects. In the initial stage of SC generation, SC broadening
mainly depends on the SPM-induced approximately symmet-
rical spectrum. After the relative narrow broadening, for in-
put pulses duration exceeding 200 fs, the dramatic broadening
of the spectrum appears with the soliton fission, whereby a
higher-order soliton perturbed by Raman scattering breaks up
into a series of lower-amplitude subpulses.!®! In this stage of
SC generation, the temporal pulses break up and the genera-
tion of distinct spectral peaks in the anomalous GVD regime
can be clearly identified due to the soliton fission and the
Raman self-frequency shift of the ejected constituent funda-
mental solitons, as shown in Figs. 4(g)—4(i). Because the ef-
fective mode area is ~ 15.56 pm? and the nonlinear coeffi-
cient ¥ is ~ 0.5908 W~!.m~! at 2870 nm. The soliton fis-
sion length Ly is estimated to be ~ 10.5 mm according to
Liss ~ Lp /N, where the dispersion length Lp = 1.02 m, the
nonlinear length Ly;, = 1/YPy = 0.109 mm, and the soliton
number N = \/m =97. As shown in Fig. 4(i), the tem-
poral pulses break up at ~ 11 mm of the fiber, which is in
coincidence with the calculated Lggs. The soliton number N
in the fiber with ZDW of 2825 nm is 97, which is larger than
that of 86 in the fiber with ZDW of 1935 nm. The larger N
means that it could break up to more fundamental solitons.
Thus, more red-shift frequency components appear induced
by the Raman self-frequency shift effect. The high nonlinear-
ity of As;Ss3 allows a very low peak power threshold for SC
generation in fiber, the soliton number N of 5-8 can be ob-
tained with a lower peak power less than 10 W at ~ 2870 nm,
which is beneficial for stimulating soliton-related effects in
the long wavelength range. Meanwhile, the ultra-short fiber
length brings relative low propagation loss even beyond the
wavelength of 12 pm. Thus, such a high pump peak power of
15560 W is enough for stimulating SC generation in the long
wavelength range. We should note that the fiber with a core
diameter of 1 pm has two ZDWs of 1530 nm and 3030 nm,
proving an anomalous GVD regime of 1530-3030 nm, which
means that the soliton-related effects only appear in a rela-
tively narrow wavelength range. Although the soliton number
N of the input pulse with a duration of 800 fs and a peak power
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of 950 W in this fiber is calculated to be the largest value of
~ 132 among the three fibers as a result of its huge nonlinear
coefficient y of ~ 18.044 W-L.m~! at 1550 nm, the narrow
anomalous GVD regime limits the continuous broadening to a
longer wavelength. As shown in Fig. 4(a), the output SC from

a 20 mm long fiber has a flat spectrum in 1-3.8 um. Thus,
the SCF with a ZDW of 2825 nm is an ideal candidate for
achieving a comparatively broader spectrum with higher out-
put power, while the fiber with two ZDWs of 1530/3030 nm is
conducive to generating a flat spectrum.

==
=
=

Distance/mm Relative intensity
Distance/mm  Relative intensity/dB

Wavelength /pym

20 O\ 1

& (9)

15
10

Distance/mm
Distance/mm

20 10 0 10 20
Delay/ps

Delay/ps

2
= -20
g
g -40
S~
g
= -60
a
%
'Q -80
6 8 10 12
Wavelength /pm
20, A
g 40
5 30
g
= 20
o}
8
2 10
A
0

Delay /ps

Fig. 4. (color online) (a)—(c) Output SC, (d)—(f) spectral evolution, and (g)—(i) temporal evolution in the three proposed As;S3-based SCFs. (a),
(d), (g) SC generation in SCF with two ZDWs of 1530/3030 nm pumped by input pulses with pulse duration of 800 fs, peak power of 950 W,
and center wavelength of 1550 nm. (b), (e), (h) SC generation in SCF with a ZDW of 1935 nm pumped by input pulses with pulse duration of
800 fs, peak power of 2840 W, and center wavelength of 2000 nm. (c), (f), (i) SC generation in SCF with a ZDW of 2825 nm pumped by input
pulses with pulse duration of 800 fs, peak power of 15560 W, and center wavelength of 2870 nm.
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Fig. 5. (color online) LWE (40 dB down from the peak of spectrum)
changed with the pulse duration and peak power for the 20 mm As;S3
SCF with a ZDW of 2825 nm, the center wavelength of the input pulses
is 2870 nm.

To obtain the broadest SC spectrum generated in the
AsyS3-based SCF with a ZDW of 2825 nm pumped by an in-
put pulse of 2870 nm, we must choose an input pulse with opti-
mal duration and peak power. Figure 5 shows the LWE (40 dB
down from the peak of the spectrum) changed with different
input pulse durations and peak powers, the fiber length is fixed
at 20 mm. With the increasing peak power, the LWE increases
until ~ 12 um. The LWE changes slightly with the increasing
pulse duration especially in the high peak power region. To
study the influence of the pulse duration on broadening, the
SC spectral and temporal evolutions along this 20 mm SCF

pumped by 200 fs and 1000 fs input pulses are compared in
Fig. 6. The key difference of evolutions between these two
cases lies in the initial spectral broadening stage. Because the
same peak power of 15560 W is used in these two cases, the
soliton fission length Ly increases from ~ 4 mm to ~ 12 mm
as the pulse duration increases from 200 fs to 1000 fs. It
corresponds with the temporal pulse evolution as shown in
Figs. 6(e) and 6(f). Obviously, with a shorter pumping op-
tical pulse duration, the appearance of dramatic broadening
induced by soliton-related effects requires a shorter propaga-
tion distance. However, the change of the pulse duration only
leads to a small change in the SC width that outputs from the
20 mm-long fiber.

To further understand the influence of the input pulse du-
ration, the evolution of LWE and PPL along the 20 mm As,S3-
based SCFs with d; of 5 pm and ZDW of 2825 nm pumped
by optical pulses with different pulse durations are simulated,
where the input pulse peak power is 15560 W, and the dura-
tions are 200 fs and 1000 fs, as shown in Fig. 7(a) and 7(b),
respectively. With the pulse duration of 200 fs, the LWE and
PPL increase dramatically at the beginning 5 mm, and then the
PPL beyond 3 um increases slightly until it reaches ~ 80%,
while the LWE declines slightly with increasing distance. The
longest LWE of ~ 12.5 um is achieved at the distance of
~ 10 mm. In the 1000 fs duration case, the LWE and PPL in-
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crease dramatically at the beginning 10 mm, and then the PPL
beyond 3 pm increases until it reaches ~ 75%, while the LWE
decreases from its peak value of ~ 13 um at the fiber length
of ~ 14 mm to 12.3 pm at 20 mm. The slight decline of LWE
from its peak results from the larger propagation loss in the
long-wavelength region and less red-shift component. To sim-
ply describe the spectral flatness with the 20 dB bandwidth, the
standard deviation (SD) of spectral density with 20 dB band-
width is calculated as shown in Figs. 7(c) and 7(d). In order
to focus on the differences of SF between different cases, the

Distance/mm  Relative intensity/dB

Distance/mm

-5 0 5
Delay/ps

10

spectrum density data for SD are smoothed using a moving av-
erage filter. The definition for the standard deviation S of the
spectrum density sample data x; is

1

5= [‘Z; (xi—f)z} 1/2, %=

_Z;lzlx“

n

p ©))
where x; is the spectrum density sample value at each wave-
length with 20 dB bandwidth, n is the sample number, and
X is the average of those sample values. Here, the smaller
the SD of spectral density means the flatter the spectrum. It is
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Fig. 6. (color online) (a), (b) Output SC, (c), (d) spectral evolution, and (e), (f) temporal evolution in As;S3 SCFs with a ZDW of 2825 nm. (a),
(c), (e) Pumped by input pulses with pulse duration of 200 fs, peak power of 15560 W, and center wavelength of 2870 nm. (b), (d), (f) Pumped
by input pulses with pulse duration of 1000 fs, peak power of 15560 W, and center wavelength of 2870 nm.
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Fig. 7. (color online) Pumped by input pulses with pulse durations of (a), (c) 200 fs and (b), (d) 1000 fs, peak power of 15560 W, and
center wavelength of 2870 nm. The blue and green curves in panels (a) and (b) show the LWE and the PPL beyond 3 pm, respectively.
(c), (d) The SD of spectrum density with 20 dB bandwidth versus propagation distance in the As,S3 SCF with a ZDW of 2825 nm.
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observed that the variations of SD on propagation distance for
both cases are similar. With the pulse duration of 200 fs, the
SD decreases in the first 2 mm, and then rises in 2—-3 mm re-
sulting from the appearance of some new frequency compo-
nents with soliton fission. Then, it continues to decrease be-
cause of the generation of more new frequency components
making the spectrum flatter. Finally, the SD of the spectrum
just vibrates near 4.5 dB after ~ 5 mm propagation, which
means that the SF of SC changes slightly after ~ 5 mm prop-
agation. Pumped by 1000 fs pulses, the distance for spectrum
broadening is around 7 mm, which is longer than ~ 2 mm in
the 200 fs case. In conclusion, comparing the 200 fs pulse
duration case with the 1000 fs case in the As,S3;-based SCF
with a ZDW of 2825 nm, the 200 fs case can obtain SC with
a higher PPL of ~ 80% but the 1000 fs case can obtain a
longer LWE of ~ 13 um. Moreover, to achieve the SC with
the highest LWE and comparatively low SD of the spectrum,
the 1000 fs case needs a longer fiber than the 200 fs case.

4.2, Mid-IR SC generation in As;Se;-based SCF

The SC generation in the designed As,Ses-based chalco-
genide SCFs will be discussed in this section. The fgr, 71, and
T, of the AsySes-based SCFs are 0.148, 23 fs, and 164.5 fs, 3]
respectively. We assume that the peak power damage thresh-
old of the As;Ses-based SCFs is close to the damage thresh-
old of the As;S3-based SCFs. Since the effective mode areas
of the two As;Ses-based SCFs with ZDWs of 1982 nm and
2855 nm are ~ 1.24 um? and ~ 6.01 um?, the maximum pump
peak powers are estimated to be ~ 1240 W and ~ 6010 W, re-
spectively.
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Firstly, we compare the SC generation in the proposed
two fibers pumped at an anomalous GVD regime nearby
ZDWs. The pump peak powers are set to be the maximum
value estimated before and the input pulse duration is fixed to
800 fs. Figure 8 shows the SC spectral evolution in the two
SCFs with sufficient length for complete broadening. Since
the ZDWs of these two proposed SCFs are 1982 nm and
2855 nm, we choose the ultrashort pump sources with wave-
lengths of 2000 nm and 2870 nm to pump them, respectively.
As shown in Fig. 8(a), the SC generation in the 10 mm SCF
with a ZDW of 1982 nm pumped by the pulse with a wave-
length of 2000 nm and peak power of 1240 W has a longer
LWE to ~ 15 um than the SC generated in the 20 mm SCF
with a ZDW of 2855 nm. The longer LWE for the As;Ses
SCF with d. of 1.16 pm results from the stronger soliton-
related propagation effects such as soliton fission and soliton
self-frequency shift. For the 1.16 pm SCE, the nonlinear coef-
ficient yis 38.188 W—!.m~! at 2000 nm, which is much larger
than that of 5.466 W—!.m~! at 2870 nm for the SCF with d of
3 um. The corresponding soliton numbers N are 220 and 183
under their maximum pump peak power, respectively. Mean-
while, the higher nonlinearity of the smaller core SCF allows
a lower soliton fission threshold of 0.4 W at ~ 2000 nm for SC
generation.

The As,Sesz-based SCF with a ZDW of 1982 nm is more
suitable for generating a broader SC spectrum. To obtain the
broadest SC spectrum pumped by the input pulse of 2000 nm,
we must choose the optimal input pulse duration and peak

power.
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Fig. 8. (color online) (a), (b) Output SC, (c), (d) spectral evolution, and (e), (f) temporal evolution in the two proposed As;Ses-based SCFs.
(a), (c), (e) SC generation in SCF with a ZDW of 1982 nm pumped by input pulses with pulse duration of 800 fs, peak power of 1240 W, and
center wavelength of 2000 nm. (b), (d), (f) SC generation in SCF with a ZDW of 2855 nm pumped by input pulse with pulse duration of 800 fs,

peak power of 6010 W, and center wavelength of 2870 nm.
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Figure 9 shows the LWE (40 dB down from the spectrum
peak) changed with different input pulse durations and peak
powers, where the fiber length is fixed to 10 mm firstly; a dis-
cussion about the choice of fiber length will be given later. The
LWE increases smoothly and slightly with the increasing pulse
peak power and duration at the relatively high peak power re-
gion. So the input pulse with a pulse duration of 1000 fs and a
peak power of 1240 W is the proper choice.

LWE/pm

0
200 pu

Fig. 9. (color online) LWE changed with the pulse duration and peak
power for the 10 mm As;Se; SCF with a ZDW of 1982 nm, the center
wavelength of the input pulse is 2000 nm.

The evolutions of LWE and PPL along the 10 mm
As,Sez-based SCFs with d. of 1.16 um pumped by pulses
with different pulse durations are simulated, where the input
pulse peak power is 1240 W and duration is 200 fs and 1000 fs,
as shown in Figs. 10(a) and 10(b), respectively. It is observed
that the two cases have a similar length of ~ 3 mm for the
SC completely broadening. Figure 10(a) shows that the LWE

increases dramatically in the distance of 1-2 mm, then it is es-
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sentially unchanged at ~ 13 pm with increasing distance. The
PPL beyond 3 pum increases up to ~ 78% after a sharp growth
in the first 4 mm. In Fig. 10(b), the LWE increases dramati-
cally up to 16 pm from 2 mm to 3 mm, and then, it decreases
slightly to ~ 15.5 um at 10 mm with the increasing distance.
The PPL beyond 3 pum increases up to ~ 87% after a sharp
growth in the beginning 4 mm. Obviously, the SC generated
using longer pulses can obtain longer LWE and higher PPL
beyond 3 pum, which results from more Raman red-shift fre-
quency components associated with larger soliton number N.
Longer input pulses induce higher soliton order N and larger
input pulse energy. On one hand, higher soliton order N is ben-
eficial to the new spectrum components generated with soli-
ton self-frequency shift. On the other hand, with larger input
pulse energy, there will be more energy in the long wavelength
range, which leads to a larger overall spectral width at the fiber
output within the scope of fs input pulses. After determining
the peak power and duration, the optimal fiber length could be
discussed. The SD of spectral density with 20 dB bandwidth
for SC with pump pulse of 1000 fs is calculated as shown in
Fig. 10(d). It changes slightly in the distance beyond 4 mm af-
ter a dramatic decline, which means that the SF of SC changes
slightly after 4 mm propagating in fiber. In conclusion, with an
input pulse duration of 1000 fs and a peak power of 1240 W,
the SC generated in a ~ 10 mm Asj;Ses-based SCF with a
ZDW of 1982 pum could obtain a long LWE of 15.5 pum, the
highest PPL beyond 3 um, and comparatively high SF.
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Fig. 10. (color online) Pumped by input pulses with pulse duration of (a), (c) 200 fs and (b), (d) 1000 fs, peak power of 1240 W, and
center wavelength of 2000 nm. The blue and green curves in panels (a) and (b) show the LWE and the PPL beyond 3 pm, respectively.
(c), (d) The SD of spectrum density with 20 dB bandwidth versus propagation distance in the AsySe3 SCF with a ZDW of 1982 nm.
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4.3. Generating SC spanning over different mid-IR win-
dows

Compared with As;S3-based SCFs,
AsySes-based chalcogenide SCFs could obtain a broader

chalcogenide

SC since they have a higher nonlinear refractive index nj
of 1.5x107"7 W=l.m~! and a wider spectral transmission
window. With the same ZDWs, the core diameter of As;Ses
SCEF is smaller, which could obtain an ultrahigh nonlinear co-
efficient so that an ultra-short fiber length less than 10 mm is
enough for the complete broadening of SC. In addition, such
a short fiber length brings low total propagation loss even the
attenuation coefficient is large. The low peak power threshold
for high-order nonlinear effects resulted from the ultrahigh
nonlinear coefficient also makes the LWE broaden further.
However, smaller core diameters lead to lower damage thresh-
old, which limits the output average power. To obtain similar
ZDWs, the AspSe; SCFs need a smaller core diameter than
the AspS3 SCFs. For example, with ZDW nearby 2870 nm,
the core diameter of AspS3 SCF is 5 um, but for As;Ses
SCF it is 3 um which is more difficult to fabricate. Table 2
lists the optimal pump source and fiber parameters for SC

generated in AspS3; and AsySes SCFs and the corresponding
power proportion and spectral SD in the mid-IR windows of
3-5 pum, 3-8 um, and 3-12 um. The chosen pump source
pulse durations range from 200 fs to 1000 fs, and the max-
imum pump peak power is determined by the fiber damage
threshold related to diameter d. of SCFs. To obtain the 3—
5 um SC, the AsyS3 SCF with ZDW of 2825 nm is the best
choice among the three proposed As;S3 SCFs, and the As;Ses
SCF with ZDW of 2855 nm is an appropriate choice among
the designed two As;Se; SCFs. Compared with the As;S3
SCF, the As;Ses SCF obtains higher 3-5 um power propor-
tion and lower 3-5 um spectral SD of SC so that the As;Ses
SCF with ZDW of 2855 nm is the better candidate for 3—-5 um
SC generation. To obtain the 3—8 um SC, obviously the As,S3
SCF with ZDW of 2825 nm is the better candidate since it
can obtain larger 3-8 pm power proportion while the 3-8 um
spectral SD is similar to AspSez SCF’s. For the 3-12 um SC,
the As;Ses; SCF with ZDW of 1982 nm is an ideal candidate
since it can obtain smaller 3—12 pm spectral SD with power
proportion in 3—12 pum close to that of As;Se; SCF.

Table 2. Optimal pump source and chalcogenide SCF parameters for generating SC spanning over different mid-IR windows.

Wavelength SCF Fiber Fiber Pulse Pulse peak Pulse Power Spectral
range/pm material ZDW/nm length/mm wavelength/nm power/W duration/fs proportion SD/dB

3-5 AsyS3 2825 ~ 10 2870 15560 200 56% 42

3-5 AsySes 2855 ~ 10 2870 6010 500 57% 3.8

3-8 AsyS3 2825 ~ 14 2870 15560 1000 69% 5.5

3-8 AsySes 1982 ~8 2000 1240 200 43% 5.1

3-12 AsyS3 2825 ~ 14 2870 15560 1000 70% 9.8

3-12 AsySes 1982 ~ 10 2000 1240 1000 67% 4.8

5. Conclusion References

We optimize the input pulse parameters and fiber length
for generating the broadest SC in As;S3-based and As;Ses-
based chalcogenide SCFs with different ZDWs and core di-
ameters. For SC generation in As;S3-based SCFs, among the
three proposed SCFs, the SCF with a core diameter of 5 pm
and a ZDW of 2825 nm generates the broadest spectrum with
LWE of ~13 um pumped by input pulse with a center wave-
length of 2870 nm and a peak power of 15560 W. In addi-
tion, compared with longer pulse duration pumping, shorter
pulse duration pumping needs shorter fiber and would obtain
SC with shorter LWE but higher PPL in the As;S3 SCF with a
ZDW of 2825 nm. For SC generation in As;Ses-based SCFs,
among the proposed two SCFs, the 1.16 um diameter SCF
with a ZDW of 1982 nm generates the broadest spectrum with
LWE up to ~15.5 pm after propagating ~ 10 mm pumped by
input pulse with a center wavelength of 2000 nm, a pulse du-
ration of 1000 fs, and a peak power of 1240 W.
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